We investigate the localization problem of matter fields within the 5D standing wave braneworld. In this model the brane emits anisotropic waves into the bulk with different amplitudes along different spatial dimensions. We show that in the case of increasing warp factor there exist the pure gravitational localization of all kinds of quantum and classical particles on the brane. For classical particles the anisotropy of the background metric is hidden, brane fields exhibit standard Lorentz symmetry in spite of anisotropic nature of the primordial 5D metric.
Background solution
In this section we briefly review the 5D standing wave braneworld model [13, 14] . The braneworld is generated by gravity coupled to a massless ghost scalar field, which depends on time and propagates in the bulk. In order to avoid the well-known problems of stability which occur with ghost fields, the bulk scalar field does not couple to ordinary matter in our model [13, 14] . For other models with phantom fields see [21] [22] [23] [24] [25] .
The action of the model has the form:
where the capital Latin indexes refer to 5D space-time and G and Λ are the 5D Newton and cosmological constants, respectively. We use the metric ansatz:
where a is a curvature scalar, with the determinant:
3)
The system of coupled Einstein and the scalar field equations for the ansatz (2.2) is self-consistent if: u(t, r) = 8 3 πG φ(t, r) , 4) and it has the standing wave solution [13, 14] : Here C and ω are real constants and J 2 is the second-order Bessel function of the first kind. Thus the model (2.2) describes the brane located at r = 0 which possesses the anisotropic oscillations and sends a wave into the bulk (as in [26, 27] ), i.e. the brane is warped along the spatial coordinates through the factors ∼ e u(t,r) , which depend on time t and the extra coordinate r.
As pointed out in [13, 14] , the ghost-like field φ(t, r), along with the metric oscillations u(t, r), must be unobservable on the brane. According to (2.5) we can accomplish this requirement by setting the boundary condition for the Bessel function:
can be written in the form which quantizes the oscillation frequency ω of the standing wave in terms of the curvature scale a, i.e.
where X n is the n th zero of J 2 (r). Correspondingly, the nodes of the standing wave in the bulk, the points where the functions φ(t, r) and u(t, r) vanish, can be considered as 4D space-time 'islands', where the matter particles are assumed to be bound. We consider the case with the increasing warp factor (a > 0) when the function J 2 (e −a|r| ) in (2.5) has a finite number of zeros. For simplicity, in this paper we explore the case when J 2 has a single zero at the position of the brane, r = 0, i.e. we assume that
In the equations of matter fields the oscillatory function (2.5) enters via some exponential functions:
where b is a constant. We suppose that the frequency ω of standing waves in the oscillatory metric function u(t, r) is much larger than the frequencies associated with the energies of particles on the brane. In this case we can perform the time averaging of oscillating exponents in the equation of the matter fields. Using the expression:
we find that the time averages of some oscillatory functions are zero [28] : 12) where the primes and dots mean the derivatives with respect to the extra coordinate r and time coordinate t, respectively. We also obtain the simple formulas for the non-vanishing averages:
where I 0 , I 1 and L 0 , L 1 are the modified Bessel and Struve functions of the argument bZ, respectively.
Localization of bosons
Let us consider the localization problem of quantum fields with spin 0, 1 and 2 [28, 29] . The massless scalar field can be defined by the 5D action:
The corresponding Klein-Gordon equation,
on the background (2.2) has the form:
We look for the solution of this equation in the form:
(Greek letters are used for 4D indices), which transforms (3.3) into the equation,
When the frequency ω of standing waves is much larger than the frequencies associated with the energy p t of particles on the brane we can replace the oscillatory exponents in (3.5) by their time averages (2.13). Then we obtain the equation for the extra factor ξ(r): 6) which contains the r-dependent momentum:
On the brane, where u ≈ 0, the parameters p ν can be regarded as components of energy-momentum along the brane which obeys the dispersion relation:
To study a general behavior of the extra part of the scalar zero mode wave function we explore (3.6) in two limiting regions: far from and close to the brane, respectively. The r-dependent momentum (3.7), which describes oscillatory properties of standing waves, has the following asymptotical forms:
Then we solve (3.6) in this limiting regions and find:
Hence ξ(r) has maximum on the brane and falls off at the infinity as e −4a|r| .
In the action of scalar fields (3.1) the determinant (2.3) and the metric tensor with upper indices give the total exponential factor e 2a|r| , which obviously increases for a > 0. This is the reason why in the original brane models [3, 4] the scalar field zero modes with the constant r-dependent extra part can be localized on the brane only in the case of decreasing warp factor (i.e. a < 0). In our model the extra part of wave function (3.10) is not constant, moreover, for a > 0 it contains the exponentially decreasing factor e −4a|r| . For such an extra dimension factor the integral over r in the action (3.1) is convergent, hence 4D scalar fields are localized on the brane [28] .
It is known that the transverse traceless graviton modes obey the equation of a massless scalar field in a curved background. Indeed, let us consider the metric fluctuations:
where g µν is the metric tensor of the 4D part of (2.2):
Close to the brane (u ≈ 0) for time averages of oscillatory exponents (2.13) we can use the approximation:
Thus the functions u can be regarded as r-dependent additive terms of h µν . Then the equations of motion for the fluctuations h µν : 14) are equivalent to the equation of motion of a scalar field (3.2) if we replace Φ with h µν . Accordingly, the condition of localization of spin-2 graviton field might be equivalent to that of spin-0 scalar field considered above. A little bit more complicated task is to show the localization of vector field zero modes [29] . Let us consider only the U (1) vector field (the generalization to the case of non-Abelian gauge fields is straightforward).
The 5D action of vector fields,
where 16) leads to the system of five equations:
We seek for the solution of the system (3.17) in the form:
where a µ (x ν ) denote the components of 4D vector potential and scalar factor υ(r) depends only on the extra coordinate r. Taking into account the equalities (2.12), the time averaging of the fifth equation of the system (3.17), 19) yields the Lorenz-like gauge condition: 20) where η αβ denotes the metric of 4D Minkowski space-time. The equation (3.20) , together with the last expression of (3.18), can be considered as the full set of imposed gauge conditions. The remaining four equations of the system (3.17), 21) after the time averaging and the use of (2.12) and (3.20) reduce to:
We require the existence of 4D vector waves localized on the brane,
where p ν are the components of energy-momentum along the brane. Then the system (3.22) yields the single equation for υ(r):
where P 2 (r) is done by (3.7). The solutions of (3.24) close to and far from the brane are:
We see that the extra factor υ(r) of the vector field zero mode wave function has a maximum on the brane and falls off at the infinity as e −2a|r| . In 5D brane models the implementation of pure gravitational trapping mechanism of vector field particles remains the most problematic. The reason is that in the vector action (3.15) the extra dimension parts of the determinant (2.
Localization of fermions
Now we investigate the localization problem for massless fermions [30] .
For Minkowskian 4 × 4 gamma matrices ({γ α , γ β } = 2η αβ ) we use the Weyl basis:
where I and σ i (i = x, y, z) denote the standard 2 × 2 unit and Pauli matrices respectively. 5D gamma matrices Υ A = h Ā A ΥĀ can be chosen as:
The 5D Dirac action for massless fermions:
contains the covariant derivatives:
The non-vanishing components of the spin-connection in the background (2.2) are: 
The corresponding to (4.3) 5D Dirac equation reads:
For wave function of the bulk fermion field we use the chiral decomposition:
where λ(r) and ρ(r) are the extra dimension factors of the left and right fermion wave functions respectively. We assume that 4D left and right Dirac spinors: 8) correspond to the zero mode wave functions, i.e. they satisfy the free Dirac equations:
The solutions of (4.9) in our representation (4.1) can be written in the form:
where the constant 2-spinors L and R satisfy:
When the frequency ω of standing waves is much larger than the frequencies associated with the energies p t of the fermions on the brane we can time average the oscillatory functions in the Dirac equation (4.6) . Time averages of the Dirac operators are:
and the equation (4.6) takes the form:
Using the solutions of free equations (4.10) and the relations (4.11) it can be rewritten as the system:
Here we have introduced the functions P i (r):
where Z(r) is defined in (2.6). These functions, as (3.7), can be considered as the components of 'r-dependent momentum' of the spinor field:
From the second equation of the system (4.14) it is straightforward to find
Inserting (4.17) into the first equation of (4.14) and multiplying the result by σ i P i , we receive the second order differential equation for the function λ(r):
Now, as for the case of bosonic fields, let us investigate this equation in the domains far from and close to the brane, respectively. Close to the brane the 'r-dependent momentum' (4.16) behaves as:
where A is a constant, and the equation (4.18) takes the following asymptotic form:
The main solution of this equation in our approximation is:
where B is a constant. Note that, as a consequence of (4.17) and (4.21), in our setup the right fermionic modes are absent on the brane:
In the second limited region -far away from the brane, 23) and the equation (4.18) takes the asymptotic form: 24) with the solution:
Using (4.25) from the relation (4.17) we find also the asymptotic behavior of the extra dimension factor of the right fermion wave function:
So in our model the extra dimension part of the left spinor wave function (4.7) has the maximum at the origin, 
Classical particles
Finally we consider the motion of a classical particle, or a photon, which obey 5D geodesic equation of motion:
where k is the parameter of trajectory. Non-zero components of 5D Cristoffel symbols for the metric (2.2) are: For simplicity we shall consider the motion in (rx)-plane, i.e. we suppose
Then y and z are not dynamical variables and the system (5.1) consists of three independent equations:
The second equation of this system, after dividing by dx/dk, can be rewritten as:
It's first integral is: 6) where the constant V corresponds to the component of the particles velocity along the brane. Inserting (5.6) into the first equation of the system (5.4) we find:
In the case of fast oscillations of standing waves the time average of the last term yields zero (since u = 0) and
The integration constant in this expression was included in the definition of k, so that on the brane (r = 0) the parameter k coincides with the coordinate time t. Inserting (5.2), (5.6) and (5.8) into the last equation of (5.4) and multiplying it by dr/dk we find: d dk
Time average of the last term in this equation gives zero ( u = 0) and the first integral is: 10) where the constant ǫ > 0 corresponds to the energy per unit mass and a(1 − V 2 )|r| plays the role of the trapping gravitational potential.
To find a connection of the parameter k with the proper time let us insert (5.3), (5.6), (5.8) and (5.10) into the definition of the interval (2.2),
We see that on the brane (r = 0) for photons ǫ = 1 and for massive particles 0 < ǫ < 1.
From (5.10) it is clear that the motion towards the extra dimension r is possible when 12) and for any energy ǫ there exists the maximal distance in the bulk, |r| max ∼ ǫ a , (5.13) the particle can reach, i.e. the classical particles are trapped on the brane. In the standard brane approach with decreasing warp factor (a < 0) localization was achieved due to the fact that the extra space actually is finite [3, 4] . In our case the increasing of the brane warp factor, e 2a|r| , creates the potential well that confines particles.
Another point is that we had neglected the influence of the oscillating exponents in (2.2). In this approximation the anisotropy of the background metric for classical particles is hidden. However, anisotropic nature of the primordial metric (2.2) can be exhibited in cosmological solutions [31, 32] .
The summary and discussions
In this letter we have demonstrated the pure gravitational localization of all kinds of matter fields within the 5D standing wave braneworld [13, 14] . The main differences of our model from the standard brane approaches [3, 4] are: i) Metric ansatz contains the increasing warp factor; ii) In the bulk there exist rapidly oscillating standing waves which localize fields on the brane;
iii) The extra dimension factors of zero modes are not constant and far from the brane behave as:
Ψ L (r) ∼ e −3a|r| , (r → ∞) (6.1)
where Φ, A N , Ψ L , Ψ R and h M N correspond to the scalar, vector, left and right fermion and graviton respectively. The advantage of our model is that the localization mechanism is universal, i.e. it should work also for interacting fields. If we suppose an extra dimensional profile for interacting fields as displayed in (6.1), then it is clear that the integrals over r of standard 5D interacting terms like √ gA N j N , √ gΦΨ R Ψ L , √ gΨ 2 A N A N , etc., are convergent and the extra dimensional factors only lead to renormalization of 4D coupling constants.
